Abstract Multiparametric magnetic resonance imaging (mpMRI) of the prostate has become a mature and accepted technology in the evaluation of the patient with suspected prostate cancer (PCa). This review focuses on key recent developments in the area of mpMRI, specifically: reporting systems used by radiologists when interpreting mpMRI, advances in technical aspects of diffusion-weighted imaging (DWI), and innovations in MRI-ultrasound (MRI-US) fusion-guided prostate biopsies. These topics were selected given that reporting systems are critical when communicating findings on mpMRI of the prostate to referring clinicians, advanced techniques in DWI have improved the detection and characterization of PCa, and MRI-US fusion biopsies now enable more accurate targeting of suspicious lesions at biopsy, including lesions that are difficult to visualize using standard B-mode ultrasound imaging. Radiologists interpreting prostate MRI today are likely to incorporate aspects of all three of these topics into their current practice.
Introduction
Multiparametric magnetic resonance imaging (mpMRI) of the prostate has become a mature and accepted technology in the evaluation of the patient with suspected prostate cancer (PCa). This technology facilitates more accurate lesion localization, particularly for anterior tumors that are commonly missed on systematic transrectal ultrasoundguided (TRUS-guided) biopsy. While the use of MRI to evaluate the prostate dates back over three decades [1] , its more recent evolution to multiparametric evaluation of the prostate now offers a wealth of functional information that enables vastly improved detection and characterization of PCa. Previously, in comparison, MRI of the prostate, due to its reliance on lesion morphology and signal changes on conventional T1-weighted imaging and T2-weighted imaging (T2WI), suffered from relatively poor sensitivity and specificity for detecting PCa.
It is generally accepted that two functional sequences in addition to anatomic T2WI constitute a mpMRI of the prostate [2 •• ] . The functional sequences in current practice include diffusion-weighted imaging (DWI), dynamic contrast-enhanced MRI (DCE-MRI), and MR spectroscopic imaging (MRSI). While DWI, among these, has become established as an essential sequence in mpMRI protocols, research has shown that any two functional sequences in addition to T2WI yield substantially better results for This article is part of the Topical Collection on Urogenital Imaging.
diagnosis of PCa compared with one functional sequence alone. In this review, we focus on three recent and ongoing developments in the area of mpMRI of the prostate, specifically: structured reporting of this modality, advanced techniques in DWI, and MRI-US fusion biopsies.
Multiparametric MRI Reporting
Due to the volume of functional information now made available by mpMRI, it can be difficult to synthesize this information into a usable report for the referring clinician. In addition, each sequence within the mpMRI protocol has its own strengths and weaknesses. For example, T2WI, reflecting tissue water content, is considered to be the best sequence for anatomic delineation of the prostate, including its margins and zonal anatomy, although focal abnormalities on this sequence are caused by a wide range of pathologies and are non-specific for tumor. DWI reflects tissue cellularity and has been shown in numerous studies to improve lesion localization and characterization, in particular reflecting lesion aggressiveness as determined by the histopathologic Gleason scoring system [3] [4] [5] [6] [7] [8] [9] . Moreover, DCE-MRI, reflecting tissue vascularity, may assist the radiologist in interpretation of challenging cases or direct the radiologist to identify lesions not apparent using the other techniques, thereby providing a further incremental improvement in accuracy in the detection of PCa [10, 11] . Given the need to integrate typically variable findings from these sequences, standardized interpretation and reporting schemes have been proposed for prostate mpMRI, similar to those used in breast imaging and liver imaging. Ideally, such systems will allow for reproducible and standardized reports, thus limiting subjectivity in the interpretation of mpMRI and possibly enabling broader and more consistent adoption of the technique [12 • ].
One such proposed system was detailed in a report from a European Society of Urogenital Radiology (ESUR) expert panel in 2012, entitled Prostate Imaging and Reporting Archiving Data System (PI-RADS) [2 •• ] . PI-RADS is perhaps the most widely recognized formal prostate interpretation system and provides structured criteria for assigning each detected lesion a score from 1 to 5 for each sequence that comprises the mpMRI (T2WI, DWI, DCE-MRI, and, if available, MRSI). This score is intended to reflect the likelihood that clinically significant disease is present, with 1 representing the lowest likelihood and 5 representing the highest likelihood. Also, given that different sequences have different values in lesion detection and characterization depending on location and other considerations, a separate composite score from 1 to 5 is also assigned, reflecting the overall likelihood that the lesion reflects a clinically significant cancer [12 • ]. While there are varying perspectives regarding how best to derive this overall score, it is suggested that this score not simply be a ''sum'' or ''average'' of the individual sequence scores, which fails to reflect the variable importance of each sequence in a given context. Rather, based on a new consensus between the ESUR prostate MRI working group as well as the PI-RADS steering committee of the American College of Radiology (ACR) [12] , it is currently advised that the overall score be weighted to reflect the ''dominant'' sequence parameter. The ''dominant'' sequence parameter is DWI for lesions in the peripheral zone, T2WI for lesions in the transition zone, and DCE-MRI when detecting PCa recurrence [12 • ] (Fig. 1) .
Recent work has attempted to compare the performance of PI-RADS scoring against a Likert scale in determining the likelihood of clinically significant tumor in the prostate [13] . A Likert scheme uses the overall impression of the radiologist, without application of fixed criteria or individual assessments for each sequence, to generate a score on a 1-5 scale, whereas PI-RADS uses explicit criteria for each sequence and in generation of the overall score [13] . One recent study observed that interreader reproducibility tended to be higher for more experienced readers (4-6 years of post-fellowship training experience with prostate mpMRI in this study) than for less experienced readers (0-1 year of post-fellowship training) as well as higher in the PZ than in the TZ [13] . For the subset of more experienced readers, reproducibility was similar for PI-RADS and the Likert scale in the PZ, but interestingly was somewhat higher for the Likert scale than for PI-RADS in the TZ [13] . It should be noted that, although this study was performed prior to the consensus agreement on the overall PI-RADS score between the ESUR prostate MRI expert working group and the ACR steering committee for PI-RADS [12 • ], the findings nonetheless underscore the importance of standardized reporting for prostate mpMRI interpretation, regardless of which specific system is used. The consensus agreement between these two groups will likely be an important step in the right direction given that it is the overall score that ultimately is most relevant in the characterization of clinically significant PCa and for which high reproducibility is therefore essential.
Advances in Diffusion-Weighted Imaging
DWI has become established as an essential sequence within multiparametric prostate MRI protocols, being included among a list of ''minimal'' technical requirements in the ESUR consensus guidelines published in 2012
Numerous studies confirm the value of DWI in improving tumor detection and localization [4, 14, 15] . DWI also contributes to assessment of tumor volume [16] , risk stratification in active surveillance candidates [17] , and prediction of biochemical recurrence [18] . In addition, one study observed that a ''biparameter'' protocol incorporating solely T2WI and DWI had strong performance in tumor detection in men without prior prostate biopsy [19] . Recent studies explore strategies for the optimization of the acquisition, post-processing, and interpretation of DWI; such considerations are important to achieve maximal diagnostic benefit from this key sequence.
One principle aspect of DWI acquisition is selection of the sequence's maximal b-value. The b-value refers to the strength of diffusion-sensitizing gradients that are applied during the sequence and generate image contrast that reflects the tissue behavior of water molecule. The ESUR guidelines suggest use of a maximal b-value of approximately 1,000 s/m 2 [2 •• ], which indeed has been used in earlier studies with reasonable success [15, 20] . A challenge in use of this b-value is that benign prostate tissue often continues to demonstrate mild increased signal, which can limit optimal visualization of tumor. More recently, use of even higher b-values in the range of 1,500-2,000 s/mm 2 has gained interest. Such ultra high bvalues are higher than those typically used in other organs, although they may have value when used in the prostate. At these higher b-values, there is increased suppression of signal within benign prostate tissue, which in turn can provide improved conspicuity of focal lesions and hence better tumor detection (Fig. 2) . As of now, at least six studies have compared tumor detection between b-1,000 and b-2,000 images and report improved accuracy using the b-2,000 images [21] [22] [23] [24] [25] [26] . For instance, in one study, two readers of varying experience using solely the high b-value images for tumor detection achieved significantly higher sensitivity on the b-2,000 than on the b-1,000 images (86.2 vs. 51.7 % and 69.0 vs. 24.1 %, respectively) without a significant loss in positive predictive value [24] . Furthermore, the improved performance using a b-value of 2,000 s/mm 2 has been observed in both the peripheral zone and the transition zone [26] . Thus, radiologists should consider routinely incorporating b-2,000 images into their institutional protocol.
While ultra high b-values have the potential to improve diagnostic performance of prostate DWI, acquisition of such images can be technically challenging due to Fig. 1 A 72-year-old male was referred for multiparametric prostate MRI (mpMRI). a Axial T2W image shows a mass-like area of decreased T2 signal intensity within the left anterolateral peripheral zone (white arrow). b Axial ADC map shows corresponding area of substantially low ADC, suggesting a higher-grade tumor (white arrow). c Calculated diffusion-weighted image at b-value of 1,500 s/ mm 2 shows this area to have increased signal (white arrow). d Colorized washout map created using post-processing software from dynamic contrast-enhanced MRI (DCE-MRI) acquisition shows this area to have abnormal perfusion kinetics (white arrow). Given that this lesion is in the peripheral zone, the ''dominant'' parameter for determining the overall PI-RADS score is the score obtained from DWI/ADC. In this patient, the DWI/ADC score, and thus the overall PI-RADS score, are both 5/5. This lesion corresponded with a Gleason 7 tumor at targeted biopsy (Color figure online) decreased signal-to-noise ratio and increased image distortion and susceptibility artifact encountered with increasing b-values. The extent of such challenges can depend on the particular scanner vendor and model, receiver coil, and software available for image acquisition. A recently proposed method for addressing the potential technical challenges of ultra high b-value imaging is to, rather than directly acquire such images, extrapolate instead the images from routine lower b-values [27] . That is, a mono-exponential fit can be applied to images obtained using b-values up to 1,000 s/mm 2 to calculate the expected signal intensity at the higher b-value and thereby derive the higher b-value image set. This technique, achieved via postprocessing, eliminates the need to be able to directly acquire ultra high b-value images and also requires no additional scan time beyond the acquisition of standard b-value images. The computed ultra high b-value images achieve the very strong diffuse contrast provided by direct ultra high bvalue images, although avoid the associated distortions and other artifacts. Three studies of computed b-values in the range of 1,400-1,500 s/mm 2 not only all report improved performance compared with acquired b-1,000 images [28] [29] [30] , but also further suggest possible improvements in image quality or diagnosis compared with the directly acquired ultra high b-values [29, 30] .
An additional important role of DWI is for assessment of PCa aggressiveness. Specifically, the apparent diffusion coefficient (ADC) of PCa is inversely proportional to tumor cellularity [31] as well as the Gleason score of PCa [32] [33] [34] . Given this relationship, ADC values have been applied to predict more reliably the Gleason score obtained from pathologic assessment of prostatectomy specimens than that predicted by the biopsy-based Gleason score [35 • ]. Thus, there is clearly a potentially large role to use the ADC value as a clinical biomarker in PCa management. However, the ability to implement the same successfully in individual patients has been limited by interpatient variation in the ADC values of normal benign peripheral zone as well as by overlap in the ADC values of tumors of different Gleason scores [36] .
Given such challenges, attention has recently been given to the optimization of strategies for reliably predicting Gleason score based on diffusion metrics. One straightforward approach has been to perform an intrasubject normalization by computing the ratio between the ADC value of tumor and normal peripheral zone within a given subject [36] . Two studies have demonstrated significantly improved performance for predicting PCa aggressiveness using such normalized ADC values compared to using nonnormalized data [36, 37] ; for instance, one study reported Fig. 2 A 74-year-old male was referred for multiparametric prostate MRI (mpMRI). a Axial T2W image shows a mass-like area of decreased T2 signal intensity within the anterior transition zone (white arrow). b Diffusion-weighted image acquired at b-value of 1,000 s/ mm 2 reveals this area to have increased signal (white arrow). c Calculated diffusion-weighted image at b-value of 1,500 s/ mm 2 shows this area (white arrow) to be even more conspicuous than on the acquired DWI at b-value of 1,000 s/mm 2 . d Axial ADC map shows corresponding low ADC (white arrow). This lesion corresponded with a Gleason 6 tumor at targeted biopsy an improvement in the area-under-the-curve for identifying tumor with a Gleason score of 8 or 9, from 0.77 to 0.90 [36] .
An additional technique that has been applied to improve the assessment of tumor aggressiveness using DWI is to apply a whole-lesion histogram analysis to the ADC measurements. That is, rather than obtaining ADC measurements using a single region-of-interest placed on only a portion of the tumor on a single slice, histogram measures can be obtained from 3D ROIs encompassing the entire tumor on all slices; such whole-lesion metrics not only more comprehensively sample the entire lesion, but also can provide measures of lesion texture and heterogeneity on DWI [38] . In one study, the ADC entropy obtained from whole-lesion histogram analysis outperformed standard mean ADC in characterizing the Gleason 4 component in Gleason 7 PCa for two independent readers [38] . In another study, the 10th percentile ADC from whole-lesion analysis showed the strongest correlation with Gleason score among various ADC parameters, including both mean and median ADC [39] .
One further approach being explored to improve estimation of tumor aggressiveness using DWI is to apply more advanced models to the analysis of raw diffusion data in order to generate more sophisticated metrics than the ADC value obtained from a standard mono-exponential fit. It is hoped that these more novel metrics will better reflect the structural heterogeneity of PCa and show less overlap between tumors of different Gleason scores. Of note, the diffusion kurtosis model uses ultra high b-values of approximately 2,000 s/mm 2 to estimate the non-Gaussianity of diffusion behavior, reflecting microstructural complexity of tissue [40] . In one study, the kurtosis coefficient showed improvement in performance compared with ADC in differentiating benign and malignant prostate tissue [41] . In another study, the kurtosis of prostate tumors achieve significantly improved performance compared with ADC in predicting a Gleason score of 7 or greater (areas-underthe-curve of 0.70 vs. 0.62, respectively) [42] . Nonetheless, the additive value of the diffusion kurtosis model has not been confirmed in all studies [43] , and as such, the role of this technique remains preliminary, and further investigation is required.
MRI-Ultrasound Fusion Biopsies
TRUS-guided biopsies have long been the standard of care for diagnosis in men with suspected PCa. However, there is recognition of substantial sampling error intrinsic in systematic TRUS-guided biopsy [44] [45] [46] , which leads to undergrading of disease in up to 46 % of patients [47] [48] [49] . This undergrading can potentially contribute to suboptimal selection of a therapeutic strategy in some patients. An alternative to TRUS-guided biopsy is the 3D transperineal mapping biopsies (TPMB); although still ''random,'' this technique is intended to provide more complete sampling of the gland [50] . Nonetheless, TPMB remains subject to sampling error (albeit to a lesser extent), often requires performance in the operating room under general anesthesia, and conveys a higher complication rate than TRUSguided biopsy due to the substantially increased number of biopsy samples [50] .
In light of the above challenge, attention has shifted to targeted biopsies using information gleaned from mpMRI. Targeted prostate biopsy may be performed using a ''cognitive'' approach that does not entail any specialized equipment in which the operator initially views the MRI and then uses ultrasound guidance to take additional cores from the suspicious area without direct visualization of the MRI lesion; although this is relatively easy to implement in clinical practice and has shown reasonable results [51 • ], this approach does not achieve optimal lesion targeting. Two methods using advanced technology to improve lesion targeting are direct in-bore MRI-guided biopsy [52] and MRI-US software fusion biopsy [53] . We believe that MRI-US fusion biopsy will be the trend of the future in PCa diagnosis given its relative ease, efficiency, and patient comfort, as well as its ability to readily sample multiple lesions and potentially perform systematic sampling of the prostate, all within a single session. Indeed, there is a surge of interest in MRI-US fusion biopsy among urologists, and this technique is being supported by a rapidly growing body of literature [54] [55] [56] [57] [58] . Therefore, in this section, we focus further on MRI-US fusion biopsy. Fusion systems allow previously obtained mpMRI images to be ''fused'' and ''overlaid'' real-time to guide TRUSguided biopsies in the outpatient setting [53, 54, 59] (Fig. 3) . While we anticipate that fusion systems will eventually become used even for initial prostate biopsies, such systems currently have particular value in the patient who has persistent suspicion for PCa following previous negative TRUS-guided biopsies; fusion biopsy has been shown to detect cancer in up to 40 % of these patients [60 • ]. Perhaps even more importantly, approximately 33 % of these men were diagnosed with Gleason 8 cancer or higher [61] . It is believed that improved detection of clinically significant cancer, and decreased detection of insignificant cancer, can be facilitated by mpMRI with MRI-US fusion biopsy of suspicious lesions [53] , which is particularly important given increasing concerns within the lay and medical communities regarding PCa ''overdiagnosis'' and ''overtreatment''.
Several vendors currently offer commercial MRI-US fusion biopsy systems, each having its own strengths and weaknesses. In general, implementation of such systems entails an initial planning phase prior to the biopsy session in which the prostate boundary and target lesions are annotated on the MR images, a full ultrasound scan of the prostate at the start of the biopsy session to allow for mapping to the segmented MR images, and subsequent biopsy based on a tracking mechanism to guide the operator to the predefined targets [62, 63] . Tracking mechanisms employed in current clinical practice include mechanical navigation via a robotic arm to which the ultrasound probe is attached, as well as external mechanical field navigation in which sensors are inserted into the ultrasound probe that is under freehand control by the operator [62, 63] . Data suggest that the fusion system is of most value relative to cognitive targeting for lesions that Fig. 3 A 66 -year-old male with PSA of 9.7 ng/mL and no prior prostate biopsies was referred for multiparametric prostate MRI. a Axial T2W image shows a large poorly marginated masslike area of homogeneous decreased T2 signal intensity within the left anterior transition zone (white arrow). b Axial ADC map shows corresponding moderately reduced ADC (white arrow). c Colorized perfusion map created using postprocessing software from dynamic contrast-enhanced MRI (DCE-MRI) acquisition shows corresponding abnormal perfusion (white arrow). This lesion is highly suspicious for a transition zone tumor. are most difficult to reliably access via cognitive targeting, such as a lesion that is anterior in location or small in size [64] . Thus, critical to the success of these systems is achieving accurate fusion of the mpMRI images to the realtime TRUS images. Although simulations suggest that a registration accuracy of 1.9 mm is required to correctly grade 95 % of lesions via fusion biopsy [65] , current fusions systems have been suggested to have a root mean squared error of 3.5 mm [66] . Therefore, improved accuracy of coregistration is an important component of continued optimization of fusion systems. Other areas for future development include improved compensation for patient motion and improved workflow to foster clinical acceptance. This could include more efficient automated and semi-automated algorithms for prostate segmentation prior to the biopsy session and a more efficient procedure, with less operator interaction, for achieving MRI-US registration following the ultrasound scan at the start of the biopsy session.
Conclusion
As the utilization of multiparametric prostate MRI expands, continued focus will be on the ability of radiologists to reproducibly report results, the development of cutting-edge techniques for lesion detection and characterization, and finally, the refinement of a biopsy system that allows for accurate and complete sampling of the index lesion and any other clinically significant tumors. For these reasons, this review has focused on the current knowledge on prostate mpMRI reporting, advances in DWI, and MRI-US fusion biopsies.
Compliance with Ethics Guidelines
Conflict of Interest Dr. Rajan T. Gupta, Dr. Thomas J. Polascik, Dr. Samir S. Taneja, and Dr. Andrew B. Rosenkrantz each declare no potential conflicts of interest.
Human and Animal Rights and Informed Consent This article does not contain any studies with human or animal subjects performed by any of the authors.
